Calculations for energy levels, radiative rates and lifetimes have been performed for three Ne-like ions, namely Hf LXIII, Ta LXIV and Re LXVI, for which the general-purpose relativistic atomic structure package (GRASP) has been adopted. Results are presented among the lowest 121 levels of these ions, which belong to the 2s 2 2p 6 , 2s 2 2p 5 3ℓ, 2s2p 6 3ℓ, 2s 2 2p 5 4ℓ, 2s2p 6 4ℓ, and 2s 2 2p 5 5ℓ configurations, but CI (configuration interaction) has been considered among a much larger number of levels. No measurements for energy levels are available but comparisons have been made with the earlier similar theoretical results. Additionally, calculations have also been performed with the flexible atomic code (FAC) in order to assess the effect of (much) larger CI on energy levels.
Introduction
Emission lines of several Ne-like ions (particularly of Fe XVII and Ni XIX) among lower Z elements (up to 36) have been prominently observed in a variety of astrophysical plasmas and have been useful for diagnostics [1] [2] [3] [4] , for which atomic data for several parameters, such as energy levels, radiative rates and collision strengths, are required. Therefore, a lot of attention has been paid to these ions -see for example Jönsson et al. [5] and references therein. However, there is comparatively a paucity of similar data for ions with higher Z, although W LXV has attracted maximum attention due to its importance as a wall material in the developing ITER project -see [6] and references therein. Therefore, recently Singh et al. [7] have reported energy levels, radiative rates (A-values) and lifetimes (τ ) for four Ne-like ions, namely Hf LXIII, Ta LXIV, W LXV, and Re LXVI. Since we have already reported these data for W LXV [6] , we focus our attention on the remaining three ions.
Earlier work on a wide range of Ne-like ions with Z ≤ 92 was undertaken by Zhang et al. [8, 9] who considered 89 levels of the 2s 2 2p 6 , 2s 2 2p 5 3ℓ, 2s2p 6 3ℓ, 2s 2 2p 5 4ℓ, and 2s2p 6 4ℓ configurations. However, they calculated limited results because their focus was on the calculations of collision strengths for resonance transitions, i.e. those from the ground to higher excited levels. Additionally, for brevity energy levels were reported for only some ions and the ones of present interest were excluded. Similarly, Quinet et al. [10] calculated energy levels and A-values for several Ne-like ions, up to Z = 92, but not for the ions of present interest, although they did report oscillator strengths (f-values) for 5 E2 (electric quadrupole), 6 M1 (magnetic dipole) and 6 M2 (magnetic quadrupole) transitions of Hf LXIII. For any ion the most dominant transitions of interest are E1 (electric dipole) because of their (much) larger magnitudes. Therefore, practically the only results available in the literature are those of Singh et al. [7] , and unfortunately no measurements have yet been made for the energy levels of current ions of interest, except for two levels of Hf LXIII by Beiersdorfer [11] through the electron beam ion trap machine.
For the calculations, Singh et al. [7] adopted two independent atomic structure codes, namely the general-purpose relativistic atomic structure package (GRASP) and the flexible atomic code (FAC) of Gu [12] . Both of these codes are freely available on the websites http://amdpp.phys.strath.ac.uk/UK APAP/codes.html and https://www-amdis.iaea.org/FAC/, respectively. In both calculations they included CI (configuration interaction) among 64 configurations, namely 2s 2 2p 6 , 2s 2 2p 5 3ℓ, 2s2p 6 3ℓ, 2s 2 2p 5 4ℓ, 2s2p 6 4ℓ, 2s 2 2p 5 5ℓ, 2s2p 6 5ℓ, 2s 2 2p 5 6s/p/d, 2s 2 2p 5 7s/p/d, (2s 2 2p 4 ) 3s3p, 3s3d, 3p3d, 3s 2 , 3p 2 , 3d 2 , 3s4ℓ, 3s5ℓ, 3p4ℓ, 3p5ℓ, 3p5ℓ, 3d4ℓ, and 3d5ℓ, which generate 3948 levels (or configuration state functions, CSF) in total. Energies for the lowest 209 levels were reported, which belong to the 2s 2 2p 6 , 2s 2 2p 5 nℓ (n ≤ 7, ℓ ≤ g) and 2s2p 6 nℓ (n ≤ 5) configurations. Based on these two calculations, they have 'assessed' their energy levels to be accurate to ∼0.5 Ryd. However, we notice that for some of the levels (particularly the higher ones) the two calculations differ by up to ∼2 Ryd, see for example the (2p 5 ) 7p and 7d levels of Ta LXIV, W LXV and Re LXVI in their tables 2-4, or present Table B . This is clearly contrary to their conclusion. Since such a large difference in energy levels with these two different codes (i.e. GRASP and FAC) is normally not found, we have performed our own calculations with the same configurations, as adopted by them. Unfortunately, we note that some of their results with FAC cannot be reproduced, and hence the large discrepancies. In addition, there are other reasons to perform yet another calculation, as discussed below.
The listed 209 levels of Singh et al. [7] are not the lowest in energy, because some of the neglected levels from other configurations, such as 2p 5 6f/g/h and 2p 5 7f/g/h/i, intermix with these. Similarly, in spite of including a reasonably large CI the effect of additional configurations need to be tested, although the ions considered are comparatively heavy.
Finally, they have listed A-values for only resonance transitions, whereas data for all among the listed levels are (highly) desired for the modelling of plasmas. Similarly, they have not reported A-values for E2, M1 and M2 transitions of these ions, and these data are important for considering a complete model as well as for the determination of τ . Therefore, there is scope for improvement, confirmation and extension of their calculations, and this is necessary for having confidence in the data as suggested by [13, 14] .
Energy levels
For the calculations we adopt the same (GRASP0) version as by Singh et al. [7] , which was originally developed by Grant et al. [15] but has been extensively modified and updated by P.H. Norrington, i.e. one of the authors. The option of 'extended average level' (EAL) is used for the optimisation of the orbitals in which a weighted (proportional to 2j+1) trace of the Hamiltonian matrix is minimised. This option provides comparable results as with other choices, such as of 'average level', and has been tested earlier on a wide range of ions. Furthermore, as for calculations on other ions, the contributions of higher relativistic operators, namely Breit and quantum electro-dynamic effects (QED), are also included. Inclusion of these improves the accuracy of calculated energies. The maximum effect is on the energy of the ground levels, up to 49 Ryd, but is below 5 Ryd on higher excited ones.
In our calculations with GRASP, we have included CI among the same 64 configurations as by Singh et al. [7] , and listed in Section 1. Substantial inclusion of additional CI is not possible in the version of the code adopted here, although it is feasible through other versions, such as GRASP2K [16] , as demonstrated by Jönsson et al. [5] . Nevertheless, we assess the effect of additional CI in our calculations with FAC, which generally provides comparable results as stated already, demonstrated in many of our earlier papers and further discussed below.
With FAC we have performed a series of calculations with increasing CI, but focus on only three, i.e. (i) FAC1, which includes the same 3948 levels as by Singh et al. [7] and with GRASP, (ii) FAC2, which includes 17 729 levels arising from all possible combinations of 2*8, (2*7) 3*1, 4*1, 5*1, 6*1, 7*1, (2*6) 3*2, 3*1 4*1, 3*1 5*1, 3*1 6*1, and 3*1 7*1, and finally (iii) FAC3, which includes a total of 93 437 levels, the additional ones arising from (2*6) 4*1 5*1, 4*1 6*1, 4*1 7*1, 5*1 6*1, 5*1 7*1, 6*1 7*1, and 2*5 3*3. The energy spans of the levels in these calculations are (almost) comparable. For example, for Re LXVI the energy ranges of the three FAC calculations are about 2000, 2100 and 2500 Ryd, respectively.
In Tables 1-3 we list energies for the levels of Hf LXIII, Ta LXIV and Re LXVI, respectively. The listings in these tables are restricted to the lowest 121 levels of Hf LXIII and Ta LXIV and 117 of Re LXVI. This is because beyond these levels from other configurations, such as 2p 5 6ℓ, intermix, but results for a larger range of levels can be obtained on request from the author. The listed energies are from our and earlier [7] calculations with GRASP, which are based on 3948 CSFs of 64 configurations. Also included in these tables are our final (FAC3) results with FAC which will help in assessing the contribution of larger CI. Before we discuss these energies in detail we will like to mention that the LSJ π designations are (a bit) ambiguous for about a dozen levels in each ion, because eigenvector from a particular level/configuration dominates for more than one. This is a common problem in all atomic structure calculations, and the mixing coefficients for each level have already been provided by Singh et al. [7] in their tables 1, 2 and 4. Finally, the level orderings from GRASP and FAC are (mostly) similar with only a few exceptions, and we have tried our best to match correspondence between the two calculations, although it is not straightforward because of different levels of CI included and the designations (nomenclatures) provided by the two codes.
In Table A we compare our energies from three FAC calculations for the lowest 50 levels of Hf LXIII, which will give an idea about the differences (or similarities) and hence an assessment of accuracy. The FAC1 and FAC2 energies for a few levels (such as 20-37) differ by a maximum of 0.1 Ryd. Considering that FAC2 calculations include larger CI, by more than a factor of four, such discrepancies for a few levels are insignificant. Similarly, differences between the FAC2 and FAC3 energies are below 0.05 Ryd for a few levels, and much less for most, in spite of the latter having CI larger by more than a factor of five. This means that for the lower levels of Hf LXIII (and subsequently of Ta LXIV and Re LXVI) inclusion of CI more than what has already been included in FAC1 (or GRASP) calculations is not beneficial, as the energies have (almost) converged for most levels. Tables 1-3 , the maximum discrepancies between our GRASP and FAC calculations are up to 0.7 Ryd, but for only four (93-94 and 100-101), and much less for most. This is highly satisfactory and we may therefore confidently state that both calculations (codes) provide comparable energies, as expected, and the listed results are accurate to better than 0.7 Ryd. In contrast, the energies listed by Singh et al. [7] with these codes, and with the same CI, differed by up to ∼2 Ryd for several levels, particularly the higher ones, as stated in Section 1 and seen in their tables 1-4. We will like to clarify here that we observe no such discrepancies among levels higher than 121, although results are not being listed here. However, in Table B we demonstrate this for all four Ne-like ions. Included in this table are our and earlier [7] results with both GRASP and FAC, but only for four levels each of the (2p 5 ) 7p and 7d configurations, for which the discrepancies are the maximum. For all the levels listed here energies among all our calculations agree within 0.5 Ryd, but those of Singh et al. [7] from FAC clearly stand out, and appear to be in error. Among the lowest 121 levels their corresponding differences are up to 1 Ryd (see levels 100-101 in their table 1), comparable to our calculations. However, it is interesting to note that our and their energies with GRASP differ by up to 0.35 Ryd for some levels and for all three ions -see for example levels 22-27, 32-37 and 108-117 in Tables 1-3 . For most such levels the energies obtained by Singh et al. are larger, and this is in spite of using the same CI and the code.
Considering all levels listed in
We note here in passing that their calculations with both the GRASP and FAC codes had similar discrepancies in the past for Br-like ions [17] with 38 ≤ Z ≤ 42, F-like W LXVI [18, 19] , and very recently a few Ne-like [20] .
As stated in Section 1, measurements of energy are available [11] for two lines of Hf LXIII, namely 3B (2s 2 2p 6 1 S 0 -2s2p 6 3 P o 1 ) and 3C (2s 2 2p 6 1 S 0 -2s 2 2p 5 3d 1 P o 1 ), whose upper levels correspond to 26 and 17, respectively, in Table 1 . However, levels 17 (2s 2 2p 5 3d 1 P o 1 ) and 29 (2s 2 2p 5 3d 3 D o 1 ) are mixed with the coefficients 0.
respectively, which are similar to those listed by [7] , and are clearly identifiable on the basis of the dominance of their coefficients. Therefore, the measurement of the 3C line corresponds to the J=1 level 3 D o 1 . Anyway, the measured energies for these two levels are 710.3787±0.0514 and 714.8364±0.0514 Ryd, respectively, which compare favourably with our GRASP (710.5700 and 714.7552) and FAC results (710.5004 and 714.6761), listed in Table 1 .
Radiative rates
Our calculated results with the GRASP code for transition energies (wavelengths, λ ji inÅ), radiative rates (A-values, in s −1 ), oscillator strengths (f-values, dimensionless), and line strengths (S-values, in atomic units, 1 a.u. = 6.460×10 −36 cm 2 esu 2 ) for E1 transitions are listed in Tables 4-6 for Hf LXIII, Ta LXIV and Re LXVI, respectively. These results are listed for all transitions among the levels given in Tables 1-3 . However, for brevity only transitions from the lowest 3 to higher excited levels are listed in Tables 4-6, but full tables in the ASCII format are available online in the electronic version. Also included in these tables are A-values for E2, M1 and M2 transitions, and the corresponding data for for S-values can be obtained using Eqs. (1) (2) (3) (4) (5) given in [2] . Finally, calculations have been made in both the velocity (Coulomb) and length (Babushkin) gauges, but those from the latter are listed alone. Nevertheless, their ratio (R) is also included in these tables, but only for E1 transitions which are the most dominant in magnitude and hence very important, for both plasma modelling and further calculations of lifetimes (τ ) -to be discussed below. For a majority of strong transitions (with f ≥ 0.01) R is close(r) to unity, and this gives an indication about the accuracy of the results. However, deviations from unity are sometimes large(r) for a few weak ones, because of the additive or cancellation effects of the contributing vectors -see [14] for further discussion and examples.
The only results available in the literature with which to make comparisons are those of Singh et al. [7] for some E1 transitions, but for all ions, and of Quinet et al. [10] for a few E2, M1 and M2 of Hf LXIII alone. In Table C we compare our f-values with those of [7] for the common E1 transitions of Hf LXIII, for which there are no appreciable discrepancies.
This result is expected because both calculations adopt the same code and include the same CI, and small differences (if any) in energy levels do not substantially affect the subsequent calculations of f-or A-values. Similar comparisons are shown in Tables D, E and F for the E2, M1 and M2 transitions, respectively, with the earlier calculations of Quinet et al. Again, there are no appreciable differences between the two calculations, in spite of the fact that the inclusion of CI is very (very) different between the two calculations. However, considering that there are 2077 E1, 2653 E2, 2026 M1, and 2701 M2 possible transitions among the 121 levels listed in Table 1 , this comparison is very limited. Nevertheless, we compare the lifetimes in the next section, which will give further idea about the accuracy of our radiative rates.
Lifetimes
The lifetime τ of a level j is defined as 1.0/Σ i A ji , where the summation runs over the A-values for all types of transitions, i.e. E1, E2, M1, and M2. Although the E1 transitions are (generally) the most dominant, as already stated, contributions from others not only improve the accuracy but are very helpful for those levels for which the former do not connect, such as level 2, i.e. 2s 2 2p 5 3s 3 P o 2 . Similarly, it is a measurable quantity and hence can help in assessing the accuracy of theoretical results, but to the best of our knowledge no experiments have yet been performed for transitions/levels of the ions under consideration, and the only theoretical results available for comparison are those of Singh et al. [7] , who have used the same code, methodology and CI. Therefore, in Table G we compare our results with theirs for the lowest 50 levels of all three ions, i.e. Hf LXIII, Ta LXIV and Re LXVI. This comparison should give some idea about the accuracy. As expected, there are no notable discrepancies between the two sets of results, and the only level which points to some disagreement is number 4 (2s 2 2p 5 3p 3 P 1 ) of Re LXVI for which the earlier value is lower by a factor of 15. There are two transitions which 'effectively' contribute to this level, namely 1-4 M1 and 2-4 E1 with the A-values 3.54×10 10 and 3.09×10 10 s −1 , respectively. Unfortunately, only for the former the A-values can be compared (see Table E ) for which there is no discrepancy. Additionally, since this is the only level (among all three ions) for which the differences are (rather) large, the reported result of Singh et al. does not appear to be correct. We will also like to note here that similar discrepancies for a level or two have also been noted in their work on other ions -see for example [21, 22] for F-like ions. Overall, for most levels there are no discrepancies between the two sets of results, and hence we may state that our calculated values of τ (and hence of the A-values too) are accurate to ∼20%. Nevertheless, measurements for (at least) a few levels as well as other theoretical work/s will be helpful in further assessing the accuracy of our calculated results.
Conclusions
We have calculated energies for the levels of three Ne-like ions, namely Hf LXIII, Ta LXIV and Re LXVI, for which the GRASP code has been used, and CI among 64 configurations with n ≤ 7 has been considered. These configurations generate 3948 CSFs (levels) in total but for brevity results have been listed for the lowest 121 alone, which belong to 2s 2 2p 6 , 2s 2 2p 5 3ℓ, 2s2p 6 3ℓ, 2s 2 2p 5 4ℓ, 2s2p 6 4ℓ, and 2s 2 2p 5 5ℓ. Although earlier similar results are available for comparison, calculations have also been performed with FAC, and with much larger CI including up to 93 437 CSFs. This is for two reasons, firstly to assess the significance of larger CI, and secondly to have confidence in the data, because no measurements are available for any of the ions under consideration. The effect of larger CI is found to be insignificant on these ions with high Z, and based on several calculations as well as comparisons with existing results, our energies are estimated to be accurate to better than 0.7 Ryd for all levels and ions.
Results have also been calculated for A-values, and for four types, i.e. E1, E2, M1, and M2. Only limited results (for a few transitions) are available in the existing literature with which comparisons could be made, but no appreciable discrepancies have been noted. We hope our complete set of listed results for a large number of transitions will be useful for plasma modelling. Additionally, with these calculated A-values, lifetimes have also been determined, although no measurements have so far been performed. However, our results are comparable with those already available, and hence are assessed to be accurate to ∼20%.
Appendix A. Supplementary data
Owing to space limitations, only parts of Tables 4-6 are presented here, but full tables are being made available as supplemental material in conjunction with the electronic publication of this work. Supplementary data associated with this article can be found, in the online version, at doi:nn.nnnn/j.adt.2018.nn.nnn. Table 4 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2) transitions of Hf LXIII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
i and j The lower (i) and upper (j) levels of a transition as defined in Table 1 . Table 6 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1) and magnetic quadrupole (M2) transitions of Re LXVI. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
i and j The lower (i) and upper (j) levels of a transition as defined in Table 3 . 
